Abstract-X-ray microcomputed tomography and synchrotron X-ray microcomputed tomography (lCT) are becoming popular tools for the reconnaissance imaging of chondrites. However, there are occasional concerns that the use of lCT may be detrimental to organic components of a chondrite. Soluble organic compounds represent~2-10% of the total solvent extractable carbon in CI and CM carbonaceous chondrites and amino acids are among the most abundant compounds in the soluble organic fraction. We irradiated two samples of the Murchison CM2 carbonaceous chondrite under conditions slightly harsher (increased beam exposure time) than those typically used for x-ray lCT imaging experiments to determine if detectable changes in the amino acid abundance and distribution relative to a nonexposed control sample occurred. After subjecting two meteorite portions to ionizing radiation dosages of 1.1 kiloGray (kGy) and 1.2 kGy with 48.6 and 46.6 keV monochromatic X-rays, respectively, we analyzed the amino acid content of each sample. Within analytical errors, we found no differences in the amino acid abundances or enantiomeric ratios when comparing the control samples (nonexposed Murchison) and the irradiated samples. We show with calculations that any sample heating due to x-ray exposure is negligible. We conclude that a monochromatic synchrotron X-ray lCT experiment at beamline 13-BM-D of the Advanced Photon Source, which imparts 1 kGy doses, has no detectable effect on the amino acid content of a carbonaceous chondrite. These results are important for the initial reconnaissance of returned samples from the OSIRIS-REx and Hayabusa 2 asteroid sample return missions.
INTRODUCTION
X-ray microcomputed tomography and synchrotron X-ray microcomputed tomography (lCT) are becoming valuable reconnaissance and research tools in meteoritics and planetary science (Hezel et al. 2013) . Reconnaissance investigation of recently fallen (Jenniskens et al. 2012) , returned (Tsuchiyama et al. 2011 ), or inherently rare extraterrestrial samples with lCT has several advantages. Interesting mineralogies, lithologies, or petrographic structures can be identified in 3-D prior to cutting the sample, resulting in critical material conservation and preservation (Ruzicka et al. 2015) . Petrography and physical properties can be investigated without the making of traditional petrographic thin sections, whose study can complicate interpretation of complex 3-D structures (Friedrich et al. 2008 (Friedrich et al. , 2014 .
With respect to chondrites, lCT is generally considered a nondestructive technique. The chemical structures of silicate and metallic minerals are generally unaffected by X-ray exposure at the intensities and wavelengths used for lCT imaging. However, silicate and metallic minerals are not the only constituents of chondrites. For example, the subject of this work, the Murchison CM2 carbonaceous chondrite, has a total organic carbon content of~2.7% (Pearson et al. 2006) . The types of organic material in extraterrestrial samples can be divided into soluble and insoluble organic matter. The latter comprises >70% of the total organic carbon and is generally in the form of kerogen-like polycyclic aromatic hydrocarbons (Sephton et al. 2004; Cody and Alexander 2005) . The soluble organic material contains a wide range of organic compounds including carboxylic acids, amino acids, sulfonic acids, phosphonic acids, hydroxy acids, aliphatic and aromatic hydrocarbons, polyols, amines, and nitrogen heterocycles (Pizzarello et al. 2006) . In Murchison, the total amino acid abundance ranges from~14 up to 60 lg g À1 (Pizzarello et al. 2006; Glavin et al. 2010 ). There is frequent informal debate about the possible effect of high intensity analytical X-ray beams on the abundance and composition of amino acids in chondrites, but little evidence exists. Peripherally related studies have observed that the organic materials of chondrite-like Wild 2 cometary particles may be affected by exposure to high intensity synchrotron microbeam radiation for XANES or XRF data collection (Cody et al. 2009; Wirick et al. 2009 ). However, microbeam experiments such as these utilize Fresnel zone plate (FZP) or Kirkpatrick-Baez (K-B) mirrors to focus the synchrotron X-ray beam, which yield radiation doses higher than those described in this work. Ebel and Zare (personal communication) observed that polycyclic aromatic hydrocarbon structures were unaffected by synchrotron lCT imaging at the same beamline and under the same conditions as the experiments described in this work. It has been observed that exposure to high energy ionizing radiation such as c-radiation can destroy amino acids (Kminek and Bada 2006; Iglesias-Groth et al. 2011 ) and induce racemization of chiral amino acids (Bonner et al. 1979 ). However, it should be noted that much higher cradiation levels (~1 MGy) were used in these experiments compared to the kGy radiation doses commonly imparted during X-ray lCT imaging experiments. In this work, we examine if a routine lCT scan can alter the amino acid content of the Murchison CM chondrite.
MATERIALS AND METHODS
We obtained a single chip of the Murchison CM2 carbonaceous chondrite from the Smithsonian National Museum of Natural History, Washington DC (USNM 5453, total mass 15.2 g). The entire chip was crushed to a powder (estimated <150 lm) and manually homogenized with a mortar and pestle in a positive pressure high efficiency particulate air (HEPA) filtered laminar flow hood. All glassware, ceramics, and sample handling tools were wrapped in aluminum foil and then pyrolyzed in a furnace in air at 500°C overnight. Twõ 0.5 g aliquots of the Murchison powder "A" and "B" (Table 1 ) were transferred to separate borosilicate glass vials (~1 cm outer diameter) and sealed with a pyrolyzed aluminum foil lined cap under air for the Xray imaging experiment. All sample processing was performed under clean conditions at the Goddard Space Flight Center (GSFC) and the vials remained sealed from the time they left GSFC to the time they returned to GSFC for amino acid extraction and analysis.
For irradiation, we used the X-ray microtomography apparatus at the 13-BM-D bending magnet beamline of the GeoSoilEnviroCARS (GSECARS) facility at the Advanced Photon Source (APS), a third generation synchrotron light source at Argonne National Laboratory. Parameters for the X-ray microtomography experiment are akin to those commonly used for the imaging of chondritic meteorites at this beamline (see Ebel and Rivers 2007; Friedrich et al. 2008 Friedrich et al. , 2014 . We used monochromatic X-rays at 46.6 and 48.6 keV for Murchison samples A and B, respectively (Table 1 ). These two energies were selected because they are typical for those needed for penetrating samples of the size and composition of those used for these experiments. To intensify any possible effect on the amino acid content, we used slightly longer beam exposure times than typically used at beamline 13-BM-D for synchrotron lCT imaging experiments (Table 1) . Each sample was imaged and then left in the beam for an additional period of time.
Following the X-ray imaging experiments, a portion of each exposed sample (sample A, mass 107.7 mg; sample B, mass 130.9 mg) along with a nonexposed Murchison control sample (mass 126.8 mg) were flame-sealed separately in glass ampoules in 1 mL of Millipore Direct Q3 UV (18.2 MΩ, <5 ppb total organic carbon) ultrapure water and extracted at 100°C for 24 h. A crushed serpentine sample (516.0 mg) that had been heated in air at 500°C overnight was taken through the same extraction procedure as the meteorite samples and used as a procedural blank. Half of the water supernatants were then subjected to a 6M HCl acid vapor hydrolysis procedure at 150°C for 3 h to determine the total hydrolyzable amino acid content (Glavin et al. 2006) , while the other half was not hydrolyzed to determine the free amino acid content. Both acid-hydrolyzed and nonhydrolyzed water extracts were then desalted using prepacked cation-exchange columns (AG50W-X8, 100-200 mesh, hydrogen form, BIO-RAD) and the amino acid fraction recovered by elution with NH 4 OH and concentrated by drying under vacuum. The desalted extracts were derivatized with o-phthaldialdehyde/Nacetyl-L-cysteine (OPA/NAC) and the OPA/NAC amino acid derivatives analyzed by ultrahighperformance liquid chromatography with UV fluorescence detection and time of flight mass spectrometry (LC-FD/ToF-MS). Additional details of the amino acid work-up and LC-FD/ToF-MS experimental conditions are described elsewhere (Glavin et al. 2010) . Amino acid abundances and their enantiomeric ratios in the meteorite extracts were determined by comparison of the peak areas generated from the UV fluorescence detector and ToF-MS of the OPA/NAC amino acid derivatives to the corresponding areas of standards run under the same chromatographic conditions on the same day. The free and total amino acid concentrations in the sample extracts were then determined from the average of between three to six separate UPLC-FD/ToF-MS measurements.
RESULTS AND DISCUSSION

Dosage Calculation
If amino acids were the only component of the material, we could, in principle, calculate an absorbed dose for the amino acids themselves. However, the amino acids in a carbonaceous chondrite are not present as isolated materials. The exact provenance of the amino acids and other soluble organics in meteorites is not well known. The fact that most of the soluble organic matter in carbonaceous chondrites becomes extractable only after demineralization suggests that a significant fraction of the soluble organics are trapped in interlayer sites or on grain boundaries between minerals (Becker and Epstein 1982) . It is not just the Xrays absorbed by the amino acid that are important for their potential degradation, but the total X-rays absorbed by the system. Impinging X-rays will interact with the amino acids themselves, but also deposit energies into minerals by a variety of mechanisms including inelastic scattering, photoelectron emission and absorption, Auger electrons, and X-ray fluorescence. These secondary particles will have a mean free path much larger than the ionization cross section of an amino acid (Scheer et al. 2007 ). So, X-rays stopped by a host or neighboring mineral will generate electrons that may damage the amino acid. This will especially be the case for secondary electrons near the C, N, and O X-ray K-edges at energies of 285-600 eV.
The total radiation dose experienced by Murchison sample A is calculated using the experimental parameters shown in Table 1 . In the case of the 46.6 keV used for Murchison sample A, to calculate the total radiation dose begin with the number of Xray photons hitting the sample per second. At that energy, the intensity of the X-ray beam from the source is equivalent to 4 9 10 13 photons s À1 mrad À2 / 0.1% bandwidth. The sample and X-ray imaging apparatus is located 56 m away from the synchrotron source and the sample had a horizontal field of view of 10 mm and a vertical field of view of 2.5 mm. This yields an angular field of view for the sample of 8 9 10 -3 mrad 2 . The monochromator bandwidth is approximately 0.01%. Taken together, these factors yield 3.2 9 10 10 photons s
À1
interacting with the sample. By taking the difference between the count rate with no sample in the beam path and the central portion of the beam with the sample present in the beam path, we measured~30%, on average, of the Xray flux being transmitted through the sample, leaving 2.2 9 10 10 photons being absorbed by the sample. In terms of energy, this is equivalent to 1.6 9 10 À4 J s À1 . Given the sample size and exposure duration (Table 1) , we find a dose of 1200 Gray for Murchison sample A. A similar calculation yields a dose of 1100 Gy for Murchison sample B ( Table 1 ). In that case, the 48.6 keV energy, intensity, and exposure time are different. The other parameters are the same.
We note that these doses are likely similar to those imparted at other third generation synchrotron facilities performing projection tomography experiments like those used here (e.g., Uesugi et al. 2013 ). However, sophisticated high spatial resolution X-ray microtomography experiments using FZP lenses (e.g., Tsuchiyama et al. 2011 ) will impart significantly higher dosages to a sample-up to an order of magnitude higher (K. Uesugi and Tsuchiyama, personal communication) . Caution should be used for extrapolating our results to experimental apparatuses employing focusing X-ray lenses because the dose will unquestionably be higher.
Sample Heating during Irradiation
Because we used powdered samples that were kept sealed in glass vials to minimize contamination, we were unable to attach a thermocouple to the sample to evaluate the possible role of sample heating in altering the chemical make-up of the sample. However, because we have calculated the energy imparted into the sample, we can use that to estimate a temperature rise of the sample. A typical specific heat capacity for carbonaceous chondrites has been measured to be on the order of 0.5 J g À1°C (Matsui and Osako 1979; Opeil et al. 2010 Opeil et al. , 2012 Szurgot 2011) . Given the 0.67 J imparted and mass of the sample (Table 1) , this yields a temperature increase of 2.6°C for Murchison sample A. A similar calculation finds Murchison sample B to have 2.2°C rise in temperature. However, these values assume all of the energy stays in the sample during the entire duration of the experiment-the thermal conductivity of the sample is zero and there is no transfer of energy by conduction to the air and sample holder. These estimates further assume that the X-rays are absorbed evenly by the entire sample and there are no regions with higher absorption or localized heating. Finally, we point out that the specific heat capacity of amino acids is~1.3 J g À1°C (Domalski and Hearing 1996) , higher than the carbonaceous chondrite as a whole. Taken together, we estimate that the actual maximum temperature experienced by the sample as a whole was <1°C above the controlled temperature on the APS experiment floor or <23°C. Regardless, the thermal degradation of amino acids in dry Murchison samples is minimal below 160°C (Rodante et al. 1992 ).
Amino Acid Content
We quantified the abundances of 13 amino acids, including the enantiomers of 7 amino acids from the LC-FD and ToF-MS data. Typical LC-FD chromatograms of the 6M HCl acid hydrolyzed, hotwater extracts from the X-ray exposed Murchison A sample, the nonirradiated Murchison control sample, the serpentine blank, and an amino acid standard mixture are shown in Fig. 1 . The identified amino acids and corresponding abundances are given in Table 2 . Only trace levels of background amino acids were identified in the LC-FD chromatograms of the serpentine blank sample. The abundances of amino acids reported in Table 2 for the two irradiated samples and the control sample were background corrected using the serpentine blank. Abundances of total individual amino acids or their enantiomers relative to the control sample are shown in Fig. 2 . Since the irradiation conditions (Table 1) and the results are similar for the two replicate samples (Table 2) we show the average of the results in Fig. 2 (also see Table 2 for the means). The uncertainties reported are based on the standard errors of the average value of between three to six separate measurements of the meteorite extracts. It should be noted that the total amino acid abundances and enantiomeric ratios of the Murchison control sample analyzed in this study were essentially identical to a prior analysis of the hot-water extract from a different aliquot of the same powdered sample (Glavin et al. 2010) , indicating that the powdered Murchison sample is homogeneous with respect to the amino acid content (at least at the~100-130 mg sample size scale). The amino acid abundances are identical within error in the irradiated and control samples except for L-glutamic acid (L-Glu), L-b-amino-n-butyric acid (L-b-ABA), and L-serine (L-Ser) (Fig. 2) . In the case of L-Glu and L-b-ABA, the results overlap at the 2r error level. Irradiated samples are slightly enriched in L-Glu and Lb-ABA relative to the control sample (Fig. 2 ). L-Ser shows a more substantial increase in our irradiated sample relative to the control sample. We attribute this excess to contamination since L-Ser is a commonly occurring terrestrial amino acid contaminant. We note that the D/L-Ser ratios for the free amino acids for the averages of the amino acid analyses of irradiated samples A and B are nearly identical.
We analyzed the abundances of 13 different amino acids, including the enantiomeric ratios of seven chiral amino acids in our two irradiated samples and control sample and the results are shown in Tables 2 and 3 . The normalized enantiomeric ratios for each sample (relative to the Murchison control) are shown in Fig. 3 . Within analytical error, the D/L ratios of the amino acids in the irradiated and control samples show in Fig. 3 are identical. The most aberrant case (D/L-Ser) can be attributed to an elevated L-Ser abundance in one of our irradiated sample replicates (Murchison Bsee Table 2 ). Therefore, based on our experimental data, we conclude that irradiation of the Murchison meteorite using the experimental apparatus and parameters used in our imaging experiments does not alter the free or total amino acid abundances or enantiomeric ratios originally present in the powdered meteorite sample.
CONCLUSIONS
We have irradiated two samples of the Murchison CM2 chondrite with monochromatic synchrotron X-rays at beamline 13-BM-D at the APS at energies typical for lCT imaging of extraterrestrial samples. The total dose of radiation was 1.1 kiloGray (kGy) and 1.2 kGy with energies of 48.6 and 46.6 keV, respectively. Under these conditions, we found that the abundances and enantiomeric ratios of the targeted amino acids extracted from irradiated Murchison samples were within analytical errors of the measurements made on the control Murchison sample. We conclude that a synchrotron X-ray microtomography experiment at beamline 13-BM-D at the APS under the conditions listed in Table 1 has no discernable effect on the free and total amino acid content of a powdered carbonaceous chondrite. These data provide confidence in the use of lCT experiments similar to those undertaken at beamline 13-BM-D at the APS for the preliminary analysis of returned samples from the OSIRIS-REx and Hayabusa 2 missions. Fig. 1 . The 0-to 35-min region of the LC-FD chromatograms. OPA/NAC derivatization (15 min) of a standard and the 6 M HCl-hydrolyzed, hot-water extracts of the irradiated Murchison sample A, the unirradiated Murchison, and an unirradiated pyrolyzed serpentine blank carried through the same workup as the Murchison samples. Each derivatized sample was analyzed using our standard tandem LC column setup including a Waters BEH C18 column (2.1 9 50 mm, 1.7 lm bead) followed by a second Waters BEH Phenyl-Hexyl column (2.1 9 150 mm, 1.7 lm bead). The conditions for separation of the OPA/NAC amino acid derivatives at 30°C were as follows: flow rate, 150 ll min 
